Introduction
============

Chitosan (CS) has been widely used in pharmaceutical and medical areas due to its favorable biological properties, including biodegradability, biocompatibility, and low toxicity, as well as low production costs.[@b1-ijn-13-5657] CS nanoparticles (NPs) have been shown to be promising carriers for delivery of not only poorly water-soluble drugs[@b2-ijn-13-5657]--[@b4-ijn-13-5657] but also water-soluble proteins[@b5-ijn-13-5657],[@b6-ijn-13-5657] and genes.[@b7-ijn-13-5657],[@b8-ijn-13-5657]

One of the most important aspects of NP drug delivery is prolonged blood circulation time and favorable biodistribution, ensuring enough time to reach the target tissue. Plasma proteins can bind circulating NPs and cause them to be rapidly eliminated by the reticuloendothelial system (RES). Extensive research has been carried out on PEGylation of biomolecules to improve their water solubility and prolong blood circulation time to escape the phagocytosis of macrophages and avoid RES clearance.[@b9-ijn-13-5657]--[@b11-ijn-13-5657]

Several strategies have reported the chemical conjugation of mPEG with CS through C2-amino group or C6-hydroxyl group.[@b12-ijn-13-5657]--[@b14-ijn-13-5657] The PEG-g-CS copolymers (with different molecular weight \[MW\] or substitution degree of the mPEG graft) were used in a different application for a drug delivery system. For example, Zhang et al[@b15-ijn-13-5657] succeeded to conserve the structure of the protein and control its release from the PEG-g-CS NPs, and Fu et al[@b16-ijn-13-5657] proved that self-assembled micelle mPEG-g-CS prepared with 3.23%±0.25% mPEG substitution degree can be a promising carrier with controlled particle size and controlled-release effect of 5-fluorouracil for effective antitumor activity. Prego et al[@b17-ijn-13-5657] studied the intestinal absorption ability of the model peptide salmon calcitonin loaded in NPs prepared with two different mPEG substitution degrees (0.5% and 1%). It was found that these nanocapsules could be used as carriers for oral peptide delivery. The study of Chan et al[@b18-ijn-13-5657] illustrates that folate-poly(ethylene glycol)-grafted CS NP prepared with a different degree of substitutions did not affect the ability of the DNA binding, and the water solubility of the CS increased with mPEG grafting degree. Another study carried out with different PEG surface density 43% and 75% of PEG M~n~ =2,000 and PEG M~n~ =5,000, respectively, shows that the longer PEG chain and the greater degree of substitution lead to faster drug release from PEG graft CS NPs.[@b19-ijn-13-5657] Recently, another research illustrated the impact of PEGylation on the properties of CS/siRNA-based polyplexes. Different MWs of mPEG (2, 5, and 10 kDa) were conjugated to CS, and it was found that PEG with higher MW and less grafting density is a promising strategy to improve CS/siRNA NP performance both in vitro and in vivo.[@b20-ijn-13-5657] It was also proved by Chen et al[@b21-ijn-13-5657] that methotrexate (MTX)-loaded mPEG (2000 Da)-conjugated CS NPs could enhance their targeting ability and prolong blood circulation even better than folic acid (FA), a targeting ligand for nanocarriers.[@b21-ijn-13-5657]

MTX {(2S)--2-\[\[4-\[(2,4-diaminopteridin-6-yl)-methyl-ethylamino\]benzoyl\]amino\] pentanedioic acid)} is a stoi-chiometric inhibitor of dihydrofolate reductase.[@b22-ijn-13-5657] MTX has a low permeability (C logP =0.53) and poor aqueous solubility (lower than 1 mg/mL at 19°C); it is insoluble in water, ethanol, chloroform, and ether, but soluble in dilute solutions of alkaline hydroxides and carbonates.[@b21-ijn-13-5657],[@b23-ijn-13-5657] MTX is one of the most widely used drugs in the treatment of acute lymphocytic leukemia, osteosarcoma, non-Hodgkin's lymphomas, choriocarcinoma Hodgkin's disease, head and neck cancer, lung cancer, and breast cancer.[@b24-ijn-13-5657]--[@b28-ijn-13-5657] Several studies have prepared and characterized MTX loaded in CS NP, and it was found that MTX-loaded CS NPs have a good stability with high encapsulation efficiency. They showed that CS is one of the good carriers for the anticancer drug MTX.[@b29-ijn-13-5657]--[@b32-ijn-13-5657]

The present study was aimed to identify the effect of mPEG surface densities and chain lengths on mPEG-g-CS NPs, able to avoid RES elimination and achieve prolonged blood circulation. The synthesized CS derivatives were fully characterized by nuclear magnetic resonance (NMR) and elemental analyses and the substitution degrees were calculated. The resulting mPEG-g-CS copolymers were used to prepare NPs by ionic gelation method using tripolyphosphate (TPP). The NPs loaded with anticancer drug MTX were fully characterized. The encapsulation efficiency and drug loading were determined and the release profile of MTX from the NPs was investigated. The in vitro study and the pharmacokinetic and the biodistribution studies were also performed and studied.

Materials and methods
=====================

Reagents
--------

CS (CS, M~w~ =11 kDa, deacetylation degree \>90%) was purchased from Zhejiang Aoxing Ltd. (Zhejiang, People's Republic of China). Polyethylene glycol monomethyl ether (mPEG, M~w~ =750, 2,000 and 5,000 Da) was obtained from Sigma Aldrich (St Louis, MO, USA). Succinic anhydride (SA), 4-dimethylaminopyridine, *N*-hydroxysuccinimide (NHS), and 1-ethyl-3-(3-dimethylaminopropyl) carbodiim-ide hydrochloride and dichloromethane were obtained from Shanghai Titan Chemical Co (Shanghai, People's Republic of China). Cellulose ester membranes (dialysis bag) with a MW cut-off value (MWCO =8,000--14,000 Da) (Greenbird Inc., Shanghai, People's Republic of China) were used in dialysis study. MTX was obtained from Zibo Panxin Pharm & Chemical Co. Ltd. (Zibo, People's Republic of China). TPP was provided by Shanghai Ling-Feng Chemical Reagents Limited (Shanghai, People's Republic of China). Roswell Park Memorial Institute 1640 medium and trypsin were purchased from Thermo Fisher Scientific (Gaithersburg, MD, USA). BCA protein assay kit was purchased from Biotechnology Co., Ltd. (Nantong, People's Republic of China). All chemicals were analytical grade and used directly as received. J774A.1 macrophages cells were purchased from cell bank of Chinese Academy of Sciences (Shanghai, People's Republic of China).

Animals
-------

Sprague Dawley rats (220±20) g and Institute of Cancer Research (ICR) mice (20±2) g, supplied by Department of Experimental Animals, Fudan University (Shanghai, People's Republic of China), were acclimated at 25°C and 55% of humidity under natural light/dark conditions for 1 week before the experiment. All animal experiments were carried out in accordance with the guidelines evaluated and approved by the ethics committee of Fudan University.

Synthesis of mPEG-g-CS
----------------------

According to the previously reported protocols, the mPEG-g-CS conjugates were prepared with slight modifications.[@b33-ijn-13-5657],[@b34-ijn-13-5657] mPEG with specific MW (M~w~ =750, 2,000 and 5,000 Da) was dissolved in 50 mL dichloromethane, to which an excess of succinic SA and the appropriate amount of organic catalyst 4-dimethylaminopyridine were added ([Table S1](#SD6-ijn-13-5657){ref-type="supplementary-material"}). The mixture was conducted for 5 hours at reflux of 55°C. After a complete reaction, the solution was cooled and dispersed in a 50 mL saturated NaHCO~3~ solution. The aqueous phase was extracted twice using 15 mL diethyl ether. The pH of the resulting solution was adjusted to 2 using 2M HCl solution and the oil phase was extracted with CH~2~Cl~2~. The combined CH~2~Cl~2~ layer was dewatered overnight using anhydrous Na~2~SO~4~. The drying agent was removed by filtration, and the liquid was concentrated using a vacuum rotatory evaporator. The viscous liquid was dispersed in 100 mL diethyl ether, filtered, and dried in a vacuum oven for 3 days at 40°C to obtain the PEG-SA powder.

About 0.5 g of CS was dissolved in 75 mL of 20% acetic acid solution (v/v) and its pH was adjusted to 6 using a sodium hydroxide solution. Then, the mPEG-SA, NHS, and EDC ([Table S2](#SD7-ijn-13-5657){ref-type="supplementary-material"}), were added to the solution. The mixture was stirred at room temperature for 24 hours, using a dialysis bag (MWCO =8,000--14,000 Da); the resulting solution was dialyzed against deionized water for 48 hours. Then, the dialyzed solution was filtrated and lyophilized. The freeze-dried product was washed with anhydrous ethanol to eliminate the unreacted mPEG, filtrated, and dried in a vacuum oven to get mPEG-g-CS copolymer.

Characterization of mPEG-g-CS
-----------------------------

The samples (mPEG, mPEG-SA, CS, and mPEG-g-CS) were dissolved in D~2~O and their ^1^H-NMR spectra were recorded on a 400 MHz NMR spectrometer (Bruker Avance, Rheinstetten, Germany) with a single pulse program. The degree of substitution (DS) of mPEG on CS can be determined according to spectra.

The elemental analysis was also carried out using a Vario EL III elemental analyzer (Elemental Analyzer System GmbH, Langenselbold, Germany) to determine the DS of mPEG on CS.

Preparation of MTX-loaded mPEG-g-CS NPs
---------------------------------------

mPEG-g-CS NPs were prepared via simple ionic gelation method using TPP as a cross-linking agent, and MTX was used as a model of an anticancer drug.[@b35-ijn-13-5657] Briefly, aqueous solutions of PEG-g-CS containing different sized mPEG (mPEG750, mPEG2000 or mPEG5000) were prepared at pH 4.5 at a final concentration of 1 mg/mL. MTX was dissolved in TPP aqueous solution at a final concentration of 1 mg/mL and dropped into 5 mL mPEG-g-CS aqueous solution under magnetic stirring. The solution was continually stirred for 30 minutes to form the MTX-loaded mPEG-g-CS NPs.

Characterization of the NPs
---------------------------

The mean particle diameter, polydispersity index, and the zeta potential of the CS and mPEG-g-CS NPs were measured using a dynamic light scattering platform (NanoZS4700 Nano-series, Malvern Instruments, Malvern, UK).

Transmission electron microscopy (TEM) (TECNAI G2 F20, FEI, Hillsboro, OR, USA) was used to observe the morphology of MTX-loaded NPs; the samples were stained with 2% (w/v) sodium phosphotungstic solution, which was dropped on a copper grid for observation.

The MTX loaded in CS and mPEG-g-CS NPs were determined using the high-performance liquid chromatography (HPLC) system containing a Phenomenex Gemini^®^ C18 column (250×4.6 mm, 5 µm) (Phenomenex Inc., Torrance, CA, USA). The mobile phase consisted of methanol and 25 mM sodium phosphate monobasic buffer at pH 5.5 (20:80, v/v) and was pumped at a flow rate of 1.0 mL/min. The injection volume was 20 µL and the detection wavelength was set at 313 nm. The encapsulation efficiency (EE) and the loading efficiency (LE) of MTX in the CS NPs were calculated according to the [equations (1)](#fd1-ijn-13-5657){ref-type="disp-formula"} and [(2)](#fd2-ijn-13-5657){ref-type="disp-formula"}. $$\text{EE}(\%) = \frac{\text{Weight~of~MTX~in~nanoparticle}}{\text{Weight~of~MTX~fed~initially}} \times 100\%$$ $$\text{LE}(\%) = \frac{\text{Weight~of~MTX~in~nanoparticle}}{\text{Weight~of~nanoparticle}} \times 100\%$$

In vitro release studies
------------------------

In vitro release profiles of MTX from the CS NPs or mPEG-g-CS NPs were determined by a dialysis method. Briefly, the lyophilized NPs were dispersed in 1 mL PBS in a dialysis tube (MWCO =14,000 Da). The dialysis tube was immersed in 19 mL PBS (pH =7.4) and the system was shaken at a speed of 100 rpm at 37°C. At specific time intervals, 500 µL of the release medium was withdrawn and then topped up with the equal volume of fresh medium. The amount of released MTX was determined by HPLC at 313 nm.

In vitro cellular uptake
------------------------

Ability of MTX/CS and MTX/mPEG-CS NPs to escape from the macrophages was investigated in vitro. J774A.1 macrophages cells at a density of 1×10^5^ cells/well were seeded in a 24-well plate and allowed to grow for 24 hours. Then, the spent medium was replaced with fetal bovine serum-free Roswell Park Memorial Institute 1640 medium containing free MTX, MTX/CS, or MTX/mPEG-CS NPs. Untreated cells were just incubated in the medium used as a control. After 4 hours of incubation at 37°C, cells were washed twice with PBS (pH 7.4) and trypsinized by 0.1% trypsin solution. For MTX extraction, 100 µL lysed cells were taken and suspended in 200 µL mobile phase buffer (mobile phase containing methanol and 25 mM sodium phosphate monobasic buffer at pH 5.5 \[20:80, v/v\]). Then, they were sonicated in an ice bath at 400 W using the JY92-II ultrasonic instrument (Scientz Biotechnology Co., Ltd., Ningbo, People's Republic of China) and centrifuged at 5,000 rpm for 5 minutes. The supernatant was then analyzed by HPLC using the method described earlier. Using the BCA protein assay kit, the protein content in the sample was determined following a protocol provided by the manufacturer, and the cellular uptake of MTX was normalized with respect to the total protein content.

Pharmacokinetic study
---------------------

Free MTX and various MTX-loaded NPs respectively, including MTX/CS NP, MTX/mPEG750-g-CS NP (DS =9.1%), MTX/mPEG2000-g-CS NP (DS =4.1%), MTX/mPEG2000-g-CS NP (DS =8.5%), MTX/mPEG2000-g-CS NP (DS =18.2%), MTX/mPEG2000-g-CS NP (DS =40.3%), and MTX/mPEG5000-g-CS NP (DS =8.7%) were administered to Sprague Dawley rats via an intravenous injection through the tail vein at an equivalent dose of 4 mg MTX/kg. At specific time intervals ranging from 0.083 to 72 hours following intravenous injection, the blood was collected and centrifuged at 1,000 rpm for 10 minutes to obtain the plasma. About 160 µL of the supernatant plasma was mixed with 50 µL of internal standard ferulic acid (20 µg/mL in methanol), then 80 µL of 10% trichloroacetic acid was added. The mixture was vortexed for 3 minutes to precipitate the plasma proteins and then centrifuged at 12,000 rpm for 10 minutes at 4°C. The supernatant was withdrawn and 20 µL 1M hydroxide solution was added for further HPLC analysis.

Biodistribution study
---------------------

To determine the biodistribution of the NPs in various organs, ICR mice were randomly divided into 8 groups. Six animals from each group received an intravenous administration of free MTX, MTX/CS, and various MTX/mPEG-CS NPs through the tail vein at an equivalent MTX dose (4 mg/kg). Twenty-four 48 hours postadministration, animals were euthanized and principal organs such as heart, liver, spleen, lung, and kidney were removed carefully, weighed, and stored at −80°C until their further use. The amounts of MTX in different organs were determined by HPLC using the method described earlier.

Statistical analysis
--------------------

Multiple group comparisons were conducted using one-way analysis of variance. All data analysis was executed using the SPSS Statistics 17.0 (SPSS Inc., Chicago, IL, USA). All data are presented as a mean value with its SD indicated (mean ± SD). *P*-values \<0.05 were considered to be statistically significant.

Results and discussion
======================

Synthesis and characterization of mPEG-g-CS
-------------------------------------------

The PEGylated CS was prepared according to the procedure shown in [Figure 1](#f1-ijn-13-5657){ref-type="fig"}. By strictly controlling the feeding amount of mPEG and the other materials ([Tables S1](#SD6-ijn-13-5657){ref-type="supplementary-material"} and [S2](#SD7-ijn-13-5657){ref-type="supplementary-material"}), different mPEG-g-CS conjugates, such as mPEG750-g-CS (DS =9.1%), mPEG2000-g-CS (DS =4.1%, 8.5%, 18.2%, 40.3%), and mPEG5000-g-CS (DS =8.7%), were obtained. As shown in [Figure S1](#SD1-ijn-13-5657){ref-type="supplementary-material"}, new resonance peaks appearing at 2.56 ppm were assigned to H-8 and H-9, confirming the successful synthesis of the PEG derivative. The 1-hour NMR spectrum of the mPEG-g-CS conjugate exhibited the characteristic peaks of both CS and mPEG ([Figure S2](#SD2-ijn-13-5657){ref-type="supplementary-material"}), confirming the successful PEGylation of CS; these results were also confirmed by the FITR spectra presented in [Figure S3](#SD3-ijn-13-5657){ref-type="supplementary-material"}. ^1^H-NMR and elemental analyses were employed to calculate the DS of mPEG to CS, which is summarized in [Table 1](#t1-ijn-13-5657){ref-type="table"}.

Preparation and characterization of the NPs
-------------------------------------------

The MTX/mPEG-g-CS NPs were formed using TPP as a cross-linking agent. MTX was used as a model drug; its chemical structure is presented in the [Figure S4](#SD4-ijn-13-5657){ref-type="supplementary-material"}. [Figure 2](#f2-ijn-13-5657){ref-type="fig"} reveals that the NPs are monodispersed and spherical in shape with a size of 112.8--171.2 nm diameter and a zeta potential of 7.4--35 mV. As summarized in [Table 2](#t2-ijn-13-5657){ref-type="table"}, the size of the NPs increased by increasing the MW or the DS of mPEG, and smaller MW of PEG and lower grafting degree resulted in smaller NPs. The increased thickness of the NP surface hydration layer resulted in an increase in the hydrodynamic diameters and a reduction in the zeta potential, confirming the grafting of mPEG to the positive groups of CS. The mPEG graft did not affect the EE% and LE%, which were found to be between 17.1%--18.4% and 84.3%--88.1%, respectively, which was found to be similar to the results of previous studies.[@b21-ijn-13-5657],[@b36-ijn-13-5657],[@b37-ijn-13-5657]

[Figure 3](#f3-ijn-13-5657){ref-type="fig"} demonstrates that MTX/mPEG2000-g-CS (DS =4.1%) and MTX/mPEG2000-g-CS (DS =8.5%) NPs displayed the best stability compared with MTX/CS NP, and that because the mPEG graft on the CS surface decreases the amount of attraction between the NPs by increasing the steric distance between them, this may hinder mutual aggregation between NPs and improve their stability and their highest surface charge, which can also contribute in improving the formulation stability. MTX/mPEG750-g-CS NP (DS =9.1%), MTX/mPEG2000-g-CS NP (DS =18.2%), and MTX/mPEG2000-g-CS NP (DS =40.3%) NPs show a bad stability after the 10th day, which was observed by the size change of the NPs which may be related to the high DS of mPEG graft and the high binding of the mPEG to the amino group of CS, thus reducing its ability to bind to the negative charge of TPP, thereby reducing the compactness of the NPs and their stability. By comparing the stability between NPs prepared with different MWs of mPEG (M~w~ =750, 2,000, 5,000) but similar levels of substitution degree, the MTX/mPEG5000-g-CS (DS =8.7%) NP was found to be the most unstable, probably because it had highest MW.[@b38-ijn-13-5657]--[@b40-ijn-13-5657] Thus, we can conclude that the smallest DS and the smallest MW of mPEG can improve the stability of the CS. Moreover, this drug delivery carrier has low cytotoxicity due to PEGylation on the surface of the NP, as is seen in [Figure S5](#SD5-ijn-13-5657){ref-type="supplementary-material"}.

In vitro drug release of MTX
----------------------------

The in vitro cumulative release of MTX from different MTX/mPEG-g-CS NPs was measured in PBS pH 7.4. [Figure 4](#f4-ijn-13-5657){ref-type="fig"} shows that the MTX-loaded NPs showed a sustained drug release after the initial fast release. The burst release phase was observed in the first 0.5 hours, and it might be due to the presence of free drug absorbed on the surface of the NPs, which diffused rapidly when the NPs came into contact with the release medium (PBS), as previously reported by Zhang et al.[@b15-ijn-13-5657] But the sustained drug release might be due to drug diffusion through the NP matrix and polymer degradation.[@b41-ijn-13-5657],[@b42-ijn-13-5657] The increase in MW of mPEG or its DS on CS surface causes the increase in cumulative release rate of MTX from NPs; this result seems to be similar to previous report,[@b19-ijn-13-5657] and the reason was attributed to the presence of mPEG substitutes on amino groups which destroy the rigidity of CS and the intra-/intermolecular hydrogen bonding, thus enhancing the hydrophilicity and the solubility of CS in neutral medium (pH 7.4) as well as enhancing the release of the drug.[@b18-ijn-13-5657],[@b43-ijn-13-5657]

Cellular uptake
---------------

[Figure 5](#f5-ijn-13-5657){ref-type="fig"} shows the effect of mPEG on the internalization of the MTX-loaded CS NPs in J774A.1 macrophages cells. The cellular uptake of MTX was enhanced with increasing the incubation time. The internalization efficiency of free MTX and MTX/CS NP by the macrophage cells was higher than the MTX/mPEG-g-CS NPs. The increase in PEG MW or in PEG surface density led to the reduced uptake of the CS NPs by the macrophage cells, indicating that mPEG could facilitate the escape of the NP from the macrophages. Our results are compatible with Zhang et al's[@b44-ijn-13-5657] study which demonstrated that PEG with long chain length (5,000 Da) could significantly decrease the macrophages uptake of bolaamphiphiles. The in vitro study of Parveen and Sahoo[@b10-ijn-13-5657] also revealed that PEGylated NP had better ability to escape from macrophages than highly positively or negatively charged NPs.

Pharmacokinetics
----------------

All animal experiments were carried out in accordance with the guidelines evaluated and approved by the ethics committee of Fudan University. The time-dependent MTX concentrations in plasma of free MTX, MTX/CS, and various MTX/mPEG-g-CS NPs in Sprague Dawley rats are shown in [Figure 6](#f6-ijn-13-5657){ref-type="fig"}, and the pharmacokinetic parameters are summarized in [Table 3](#t3-ijn-13-5657){ref-type="table"}. The results reveal that the enhancement in the PEG surface density (DS=4.1%, 8.5%, 18.2% and 40.3%) or M~w~ (M~w~=750, 2000 and 5000 Da) of MTX/mPEG-g-CS NPs led to an increase in the elimination half-life *t*~1/2β~ (*P*\<0.01) and the area under the concentration--time curve (AUC) (*P*\<0.01) and a decrease in the clearance rate (CL) (*P*\<0.01) compared to free MTX and the MTX/CS NP, which was due to the benefit of the hydrophilic PEG that could reduce the uptake by the opsonin protein and avoid monocyte and macrophage recognition, thus allowing the NPs to remain in the bloodstream.[@b45-ijn-13-5657],[@b46-ijn-13-5657] As summarized in [Table 3](#t3-ijn-13-5657){ref-type="table"}, the MTX/mPEG2000-g-CS (DS =40.3%) NP exhibited the largest AUC~0→∞~ value, 16.0 and 7.7 times higher than free MTX and the MTX/CS NP, respectively, and the lowest CL, 19 and 9 times lower than free MTX and the MTX/CS NP, respectively; these results are consistent with the observations of several other studies.[@b46-ijn-13-5657],[@b47-ijn-13-5657]

The linear relationship between AUC~0--72\ h~ and the MW of mPEG (*R*^2^=0.955), as shown in [Figure 7](#f7-ijn-13-5657){ref-type="fig"}, indicates that a longer PEG chain may provide a better protection of the NPs from the RES, leading to prolonged drug circulation in the bloodstream. Moreover, there was a strong linear correlation between AUC~0--72\ h~ and DS (*R*^2^=0.984), suggesting that a higher PEG surface density on the NPs may improve drug accumulation in the blood.

Biodistribution
---------------

The biodistribution of free MTX and various MTX-loaded NPs in the organs of ICR mice after 24 and 48 hours of intravenous administration is shown in [Figure 8A and B](#f8-ijn-13-5657){ref-type="fig"}, respectively, and the results are summarized in [Table 4](#t4-ijn-13-5657){ref-type="table"}. It was demonstrated that the MTX/mPEG-g-CS NPs displayed different MTX distribution profiles in mouse tissues when compared with free MTX and MTX/CS NP. Accumulation of the MTX/CS NP without mPEG modification was high in the liver and spleen; this result is compatible with other studies.[@b9-ijn-13-5657],[@b45-ijn-13-5657] This could be due to its uptake by phagocytic cells, which can engulf the NP and transport it to liver or spleen for degradation and elimination.

As a comparison, the administration of MTX/mPEG-g-CS NPs led to reduction of biodistribution in heart, liver, spleen, and lungs, but an increase in the kidney, compared with MTX/CS NP. The improved biodistribution in the non-reticuloendothelial kidney was attributed to the prolonged blood circulation of PEGylated CS NPs in the body. As shown in the [Figure 8](#f8-ijn-13-5657){ref-type="fig"}, the increase in MW (M~w~ =750, 2,000 and 5,000 Da) or in PEG surface density (DS =4.1%, 8.5%, 18.2% and 40.3%) decreased the AUC~0--48\ h~ in liver (*P*\<0.01), spleen (*P*\<0.01), and lung tissue, but not in kidney. This indicates that the increase in mPEG surface density and chain length on the CS NP surface could prolong the blood circulation time of the NPs by improving its ability to escape from macrophages and RES system, which is one of the important aspects of drug delivery.

Conclusion
==========

MTX-loaded mPEG-g-CS NPs were successfully developed and their surface coated with different MWs (M~w~ =750, 2,000 and 5,000 Da) and different mPEG surface densities. The increase in MW and mPEG surface density decreased internalization of the NPs in J774A.1 macrophages cells. MTX/mPEG-g-CS NP with mPEG modification could significantly alter the pharmacokinetics parameters and biodistribution of MTX in vivo. With increasing the mPEG MW and mPEG surface density, the AUC of MTX increased while the accumulation of MTX in liver, spleen, and lung decreased. These results suggest that MTX/mPEG-g-CS NP can be used as a potential anticancer drug carrier for targeted tumor delivery and also indicate that the PEG MW and mPEG surface density are the key parameters for prolonging the blood circulation time for a better biodistribution.

Supplementary materials
=======================

###### 

The ^1^H-NMR spectra of (**A**) mPEG, (**B**) mPEG750-SA, (**C**) mPEG2000-SA and (**D**) mPEG5000-SA.

**Note:** The numbers in **A**--**D** represent the corresponding atoms in the structures shown in **A** and **B**.

**Abbreviations:** mPEG, methoxy poly(ethylene glycol); NMR, nuclear magnetic resonance; SA, succinic anhydride.

###### 

The ^1^H-NMR spectra of (**A**) CS, (**B**) mPEG-SA and (**C**) mPEG-g-CS.

**Note:** The numbers in **A**--**C** represent the corresponding atoms in the structures shown in each figure part.

**Abbreviations:** CS, chitosan; mPEG, methoxy poly(ethylene glycol); NMR, nuclear magnetic resonance.

###### 

Diameter distribution of mPEG-g-CS NPs.

**Notes:** (**A**) CS NPs (**B**) MTX/CS NPs; (**C**) MTX/mPEG750-g-CS NPs (DS =9.1).

**Abbreviations:** CS, chitosan; mPEG, methoxy poly(ethylene glycol); MTX, methotrexate; NMR, nuclear magnetic resonance; NP, nanoparticle.

###### 

Chemical structure of methotrexate.

###### 

The cell viability of J774A.1 macrophages cells treated with various mPEG-g-CS nanoparticles.

**Note:** Data were represented as mean ± SD (n=3).

**Abbreviations:** CS, chitosan; mPEG, methoxy poly(ethylene glycol); NP, nanoparticle.

###### 

Different amount of the materials used for mPEG-SA synthesis

  Polymer       mPEG (g)   SA (g)   DMAP (g)
  ------------- ---------- -------- ----------
  mPEG750-SA    8          5.5      1.34
  mPEG2000-SA   8          2        0.49
  mPEG5000-SA   8          0.8      0.195

**Abbreviations:** CS, chitosan; DMAP, 4-dimethylaminopyridine; mPEG, methoxy poly(ethylene glycol); SA, succinic anhydride.

###### 

Different amount of the materials used for mPEG-g-CS synthesis

  Polymer         mPEG/CS NH~2~ (mol/mol)   CS (mg)   M (PEG-COOH) (mg)   M (NHS) (mg)   M (EDC) (mg)
  --------------- ------------------------- --------- ------------------- -------------- --------------
  mPEG750-g-CS    0.5/1                     500       1,011.5             273.91         369.47
  mPEG2000-g-CS   0.05/1                    500       249.9               27.39          36.95
  0.1/1           500                       499.8     54.78               73.89          
  0.25/1          500                       1,249.5   136.96              184.74         
  0.5/1           500                       2,499     273.91              369.47         
  mPEG5000-g-CS   0.1/1                     500       1,213.8             54.78          73.89

**Abbreviations:** CS, chitosan; mPEG, methoxy poly(ethylene glycol); NHS, *N*-hydroxysuccinimide.
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![The illustration of mPEG-g-CS synthesis.\
**Abbreviations:** CS, chitosan; DMAP, 4-dimethylaminopyridine; EDC, 1-ethyl-3-(3-dimethyllaminopropyl) carbodiimide; mPEG, methoxy poly(ethylene glycol); NHS, *N*-hydroxysuccinimide; SA, succinic anhydride.](ijn-13-5657Fig1){#f1-ijn-13-5657}

![The TEM image of MTX/mPEG5000-g-CS nanoparticles (DS =8.7%).\
**Abbreviations:** CS, chitosan; DS, degree of substitution; mPEG, methoxy poly(ethylene glycol); MTX, methotrexate; TEM, transmission electron microscopy.](ijn-13-5657Fig2){#f2-ijn-13-5657}

![Particle size changes of MTX/mPEG-g-CS nanoparticles stored in PBS (pH 7.4) at 4°C.\
**Note:** Values represent the mean ± SD (n=3).\
**Abbreviations:** CS, chitosan; DS, degree of substitution; mPEG, methoxy poly(ethylene glycol); MTX, methotrexate; NP, nanoparticle.](ijn-13-5657Fig3){#f3-ijn-13-5657}

![The cumulative release of MTX/mPEG-g-CS nanoparticles in PBS at pH 7.4.\
**Note:** Values represent the mean ± SD (n=3).\
**Abbreviations:** CS, chitosan; DS, degree of substitution; mPEG, methoxy poly(ethylene glycol); MTX, methotrexate; NP, nanoparticle.](ijn-13-5657Fig4){#f4-ijn-13-5657}

![The internalization of different MTX loaded mPEG-g-CS nanoparticles in the J774A.1 cells after incubation for 0.5, 1 and 4 h.\
**Notes:** Values represent the mean ± SD (n=3). Statistically significant differences from MTX/mPEG2000-g-CS NP (DS =4.1%): \*\**P*\<0.01. Statistically significant differences from MTX/mPEG750-g-CS NP (DS =9.1%): ^\#\#^*P*\<0.01.\
**Abbreviations:** CS, chitosan; DS, degree of substitution; mPEG, methoxy poly(ethylene glycol); MTX, methotrexate; NP, nanoparticle.](ijn-13-5657Fig5){#f5-ijn-13-5657}

![Concentration--time profiles of MTX in blood plasma after intravenous administration of MTX, MTX/CS nanoparticle and various MTX/mPEG-CS nanoparticles at a dose of 4 mg MTX/kg in Sprague Dawley (SD) rats.\
**Notes:** Blood was collected and processed as described in the "Pharmacokinetic study" section at the indicated time points. Values represent the mean ± SD (n=3).\
**Abbreviations:** CS, chitosan; DS, degree of substitution; mPEG, methoxy poly(ethylene glycol); MTX, methotrexate; NP, nanoparticle.](ijn-13-5657Fig6){#f6-ijn-13-5657}

![Correlation of AUC~0--72\ h~ with the DS and MW of mPEG after an intravenous administration of the PEGylated chitosan nanoparticles at an equivalent dose of 4 mg MTX/kg.\
**Note:** Values represent the mean ± SD (n=3).\
**Abbreviations:** AUC, area under the curve; CS, chitosan; DS, degree of substitution; mPEG, methoxy poly(ethylene glycol); MW, molecular weight.](ijn-13-5657Fig7){#f7-ijn-13-5657}

![The MTX biodistribution in ICR mice 24 h (**A**) and 48 h (**B**) after an intravenous administration of different MTX loaded mPEG-g-CS nanoparticles at an equivalent dose of 4 mg MTX/kg.\
**Notes:** Values represent the mean ± SD (n=3). Statistically significant differences from MTX/mPEG2000-g-CS NP (DS =4.1%): \*\**p*\<0.01. Statistically significant differences from MTX/mPEG750-g-CS NP (DS =9.1%): ^\#\#^*p*\<0.01.\
**Abbreviations:** CS, chitosan; DS, degree of substitution; mPEG, methoxy poly(ethylene glycol); MTX, methotrexate; NP, nanoparticle.](ijn-13-5657Fig8){#f8-ijn-13-5657}

###### 

The DS of mPEG to CS at different feeding ratios

  ----------------------------------------------------------------------------------------------------------------------------------
  Polymer         mPEG/CS-NH~2~\   DS[a](#tfn1-ijn-13-5657){ref-type="table-fn"}\   DS[b](#tfn2-ijn-13-5657){ref-type="table-fn"}\
                  (mol/mol)        (%)                                              (%)
  --------------- ---------------- ------------------------------------------------ ------------------------------------------------
  mPEG750-g-CS    0.25/1           5.5                                              6.1

  0.5/1           9.1              9.4                                              

  mPEG2000-g-CS   0.05/1           4.1                                              4.3

  0.1/1           8.5              9.3                                              

  0.25/1          18.2             20.1                                             

  0.5/1           40.3             40.7                                             

  mPEG5000-g-CS   0.1/1            8.7                                              8.6

  0.25/1          20.3             18.9                                             
  ----------------------------------------------------------------------------------------------------------------------------------

**Notes:**

DS (%): DS of mPEG to amino group of CS expressed as the percentage of CS repeating units successfully conjugated with mPEG calculated by elemental analysis;

DS (%): DS of mPEG to amino group of CS expressed as the percentage of CS repeating units successfully conjugated with mPEG calculated by ^1^H-NMR.

**Abbreviations:** CS, chitosan; DS, degree of substitution; mPEG, methoxy poly (ethylene glycol); NMR, nuclear magnetic resonance.

###### 

Physicochemical properties of MTX/mPEG-g-CS NPs

  Formulation            DS (%)   EE (%)   LE (%)       Particle size (nm)   Zeta potential (mV)   PI
  ---------------------- -------- -------- ------------ -------------------- --------------------- ------
  CS NP                  0        ND       ND           90.4±3.1             37.3±0.9              0.24
  MTX/CS NP              0        88.1     17.6         109.7±5.6            35.0±1.0              0.31
  MTX/mPEG750-g-CS NP    9.1      86.0     18.4         112.8±11.4           25.1±2.4              0.10
  MTX/mPEG2000-g-CS NP   4.1      85.7     17.1         129.9±0.7            34.3±0.2              0.26
  8.5                    87.1     17.4     142.2±10.8   32.6±0.9             0.32                  
  18.2                   86.6     17.3     163.6±25.3   16.3±0.1             0.10                  
  40.3                   87.2     17.4     171.2±1.8    7.4±0.5              0.22                  
  MTX/mPEG5000-g-CS NP   8.7      84.3     17.2         152.2±5.5            26.5±0.7              0.11

**Notes:** Values represent the mean ± SD (n=3); the feeding ratio of CS or mPEG-g-CS to MTX was 5/1.5 (w/w).

**Abbreviations:** CS, chitosan; DS, degree of substitution; EE, entrapment efficiency; LE, loading efficiency; mPEG, methoxy poly(ethylene glycol); MTX, methotrexate; ND, no data; NP, nanoparticle; PI, polydispersity index; SD, standard deviation.

###### 

Pharmacokinetic parameters of MTX/mPEG-g-CS NPs after a single dosage of intravenous injection to rats at an equivalent dose of 4 mg MTX/kg

  Pharmacokinetic parameters   MTX          MTX/CS NP    MTX/mPEG750-g-CS NP (DS =9.1%)                              MTX/mPEG2000-g-CS NP                                       MTX/mPEG5000-g-CS NP (DS =8.7%)                                                                                                                                                     
  ---------------------------- ------------ ------------ ----------------------------------------------------------- ---------------------------------------------------------- ----------------------------------------------------------- ----------------------------------------------------------- ----------------------------------------------------------- -----------------------------------------------------------
  *t*~1/2α~ (h)                0.50±0.13    0.73±0.24    2.22±0.42                                                   1.97±0.32                                                  1.99±0.13                                                   2.32±0.32                                                   3.62±0.41                                                   3.06±0.22
  *t*~1/2β~ (h)                12.32±1.03   15.81±0.14   16.80±0.12[\*](#tfn7-ijn-13-5657){ref-type="table-fn"}      20.63±0.16[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}   21.12±1.37[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}    24.24±2.32[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}    25.56±1.65[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}    22.33±3.12[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}
  *K*~el~ (h^−1^)              0.67±0.14    0.47±0.10    0.15±0.07[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}     0.17±0.06[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}    0.13±0.03[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}     0.09±0.01[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}     0.07±0.01[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}     0.08±0.02[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}
  CL (L h^−1^ kg^−1^)          0.19±0.02    0.09±0.01    0.04±0.01[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}     0.04±0.01[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}    0.03±0.01[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}     0.02±0.01[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}     0.01±0.01[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}     0.02±0.01[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}
  *V*~ss~ (L/kg)               0.28±0.10    0.18±0.01    0.26±0.03                                                   0.25±0.01                                                  0.21±0.03                                                   0.10±0.01                                                   0.13±0.01                                                   0.22±0.02
  AUC~0→72\ h~ (mg h L^−1^)    21.04±3.21   44.38±6.42   91.39±2.49[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}    84.08±7.62[\*](#tfn7-ijn-13-5657){ref-type="table-fn"}     125.21±4.85[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}   158.87±6.20[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}   278.01±5.30[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}   188.35±7.15[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}
  AUC~0→∞~ (mg h L^−1^)        22.19±4.21   46.26±4.26   101.85±7.25[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}   99.69±4.16[\*](#tfn7-ijn-13-5657){ref-type="table-fn"}     149.54±3.66[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}   204.45±9.63[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}   354.64±7.23[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}   242.85±6.48[\*\*](#tfn8-ijn-13-5657){ref-type="table-fn"}

**Notes:** Values represent the mean ± SD (n=6); all the rats received a single dosage of MTX in different formulations. Statistically significant differences from MTX/CS NP:

*P*\<0.05,

*P*\<0.01.

**Abbreviations:** AUC, area under the concentration--time curve; CL, clearance rate; CS, chitosan; DS, degree of substitution; *K*~el~, elimination rate constant; mPEG, methoxy poly(ethylene glycol); MTX, methotrexate; NP, nanoparticle; SD, standard deviation; *t*~1/2α~, distribution half-life; *t*~1/2β~, elimination half-life; *V*~ss~, the apparent volume of the plasma compartment.

###### 

AUC of MTX after an intravenous administration of MTX/mPEG-g-CS NPs at an equivalent dose of 4 mg MTX/kg in different tissues of mice

  Formulations           DS (%)      AUC~0→48\ h~ (μg h g^−1^)                                                                                                                                                                    
  ---------------------- ----------- -------------------------------------------------------- ---------------------------------------------------------- ----------------------------------------------------------- ------------ ------------
  Free MTX               0           5.29±0.74                                                4.74±0.16                                                  28.92±4.74                                                  12.20±2.81   2.53±0.32
  MTX/CS NP              0           4.14±0.26                                                51.77±10.87                                                56.30±8.31                                                  19.14±4.40   4.30±0.51
  MTX/mPEG750-g-CS NP    9.6         3.34±0.16                                                26.42±5.55                                                 37.81±7.37                                                  13.68±3.15   15.36±2.24
  MTX/mPEG2000-g-CS NP   4.1         3.38±0.15                                                19.38±4.07                                                 28.34±9.40                                                  15.26±3.51   12.01±2.42
  8.5                    3.08±0.12   9.94±2.09                                                14.89±9.41                                                 13.13±3.02                                                  13.66±2.90   
  18.2                   2.70±0.07   9.95±2.11[\*](#tfn11-ijn-13-5657){ref-type="table-fn"}   16.12±6.76[\*](#tfn11-ijn-13-5657){ref-type="table-fn"}    10.66±2.45                                                  14.74±2.07   
  40.3                   2.39±0.03   6.96±2.83[\*](#tfn11-ijn-13-5657){ref-type="table-fn"}   10.01±3.97[\*](#tfn11-ijn-13-5657){ref-type="table-fn"}    7.27±1.67                                                   15.26±3.12   
  MTX/mPEG5000-g-CS NP   8.7         2.62±0.06                                                7.04±1.48[\*\*](#tfn12-ijn-13-5657){ref-type="table-fn"}   14.06±5.18[\*\*](#tfn12-ijn-13-5657){ref-type="table-fn"}   8.74±2.01    14.92±2.65

**Notes:** Values represent the mean ± SD (n=6); all mice received a single dosage MTX in different formulations. Statistically significant differences from MTX/mPEG2000-g-CS NP (DS =4.1%):

*P*\<0.01. Statistically significant differences from MTX/mPEG750-g-CS NP (DS =9.1%):

*P*\<0.01.

**Abbreviations:** AUC, area under the curve; CS, chitosan; DS, degree of substitution; mPEG, methoxy poly(ethylene glycol); MTX, methotrexate; NP, nanoparticle; SD, standard deviation.

[^1]: These authors contributed equally to this work
